RecQ helicase is important to homologous recombination and DNA repair in Escherichia coli. We demonstrate that RecQ helicase, in conjunction with RecA and SSB proteins, can initiate recombination events in vitro. In addition, RecQ protein is capable of unwinding a wide variety of DNA substrates, including joint molecules formed by RecA protein. These data are consistent with RecQ helicase assuming two roles in the cell; it can be (1) an initiator of homologous recombination, or (2) a disrupter of joint molecules formed by aberrant recombination. These findings also shed light on the function of the eukaryotic homologs of RecQ helicase, the Sgs1, Blm, and Wrn helicases.
Cells possess the capacity to repair DNA lesions brought on by exposure to DNA-damaging agents (Friedberg et al. 1995) . Frequently, DNA repair is achieved by homologous recombination, particularly when the damage results in a potentially lethal double-stranded DNA (dsDNA) break. In general, repair mediated by homologous recombination requires that the dsDNA suffering the lesion be separated into its component DNA strands. The single-stranded DNA (ssDNA) formed by this processing step can then be used by homologous pairing proteins such as the prokaryotic RecA protein and the eukaryotic Rad51 protein to promote homologous pairing and DNA strand invasion (Sung 1994; Maeshima et al. 1995; Baumann et al. 1996; Gupta et al. 1997 ; for review, see Camerini-Otero and Hsieh 1995) .
The processing step of recombination can be mediated by a DNA helicase, a dsDNA nuclease, or a combination of these two activities. In wild-type Escherichia coli, RecBCD enzyme is the helicase/nuclease responsible for initiating the majority of recombination events (for review, see Smith 1988; . Mutations at the recB or recC loci result in a 100-to1000-fold decrease in recombination frequency, in addition to a dramatic increase in sensitivity to ionizing radiation (Howard-Flanders and Theriot 1966; Emmerson 1968) . However, both recombination proficiency and resistance to ionizing radiation are restored to wild-type levels in a recBC background by extragenic sbcBC (suppressor of recBC) mutations that allow recombination to proceed by an alternate pathway referred to as the RecF pathway (Kushner et al. 1971; Lloyd and Buckman 1985) . The RecF pathway defines a set of gene products that are required for homologous recombination and recombinational repair in a recBCsbcBC background (for review, see Clark and Low 1988; Mahajan 1988; . Recombination promoted by these proteins is not confined solely to this specific genetic background, but is also important for a number of recombination processes in wild-type cells: Crossovers occurring at internal regions of duplex DNA, such as at ssDNA gaps, are believed to be mediated by RecF pathway gene products (Lanzov et al. 1991; Lloyd and Buckman 1995) . In addition, these gene products play an important role in repair of broken replication forks in wildtype cells (Courcelle et al. 1997) . Thus, rather than simply representing an alternate pathway, recombination directed by these proteins is a normal and important means of genomic maintenance. Nakayama et al. (1984) identified a component of this repair pathway that is designated recQ. A null mutation at this locus conferred both a significant reduction in recombination frequency (∼100-fold) and an increase in UV sensitivity (∼20-fold) in a recBCsbcBC background (Nakayama et al. 1984 (Nakayama et al. , 1985 . In addition, recQrecBCsbcBC cells are sensitive to the DNA damaging agents methylmethane sulfonate and hydrogen peroxide (Kusano et al. 1994) .
The RecQ protein is a 3Ј → 5Ј DNA helicase that acts on both partially dsDNA and fully duplex DNA (Umezu et al. 1990 ). The ability to act at a flush dsDNA end is shared among a small number of other helicases, including the major initiator of homologous recombination, the RecBCD enzyme (Taylor and Smith 1985) . Recombination initiated by the RecBCD enzyme begins from such a blunt dsDNA end present at a dsDNA break, produced as the result of DNA damage, a broken replication fork, or conjugal DNA transfer. After binding to this end, the helicase and nuclease activities of RecBCD enzyme convert the dsDNA to a 3Ј-ssDNA overhang, a product that is the preferred substrate for RecA protein-mediated strand invasion (Konforti and Davis 1987; Anderson and Kowalczykowski 1997a,b; for review, see Kowalczykowski and Eggleston 1994) . Because RecQ helicase also acts on blunt dsDNA ends and is needed for recombination in a recBCsbcBC background, it was proposed to act as a functional analog of RecBCD enzyme during this processing step (Clark and Sandler 1994; . Thus, the genetic data argue that, with the exception of a minor contribution from both helicases II and IV, RecQ protein is the only helicase of the 12 helicases in E. coli that can substitute for RecBCD enzyme function in genetic recombination.
Recently, homologs of the RecQ helicase were identified in a wide variety of organisms including the budding yeast Saccharomyces cerevisiae (Gangloff et al. 1994; Watt et al. 1995) , the fission yeast Schizosaccharomyces pombe (Stewart et al. 1997) , Caenorhabditis elegans, and Homo sapiens (Puranam and Blackshear 1994; Seki et al. 1994; Ellis et al. 1995; Yu et al. 1996) . The yeast homolog, Sgs1 protein, plays a key role in recombination, chromosome partitioning, and genome stability in S. cerevisiae. Three proteins from human, encoded by the RECQL, BLM, and WRN genes, are also highly homologous (∼40% identical among the helicase domains) to E. coli RecQ helicase and Sgs1 protein (Puranam and Blackshear 1994; Seki et al. 1994; Ellis et al. 1995; Yu et al. 1996) . Mutations in the RECQL gene do not result in a discernible phenotype, but mutations at the BLM and WRN loci are linked to Bloom's syndrome and Werner's syndrome, respectively. Both of these disorders are rare, inherited diseases that share similar features including DNA replication abnormalities and pronounced genomic instability (Ellis et al. 1995; Yu et al. 1996) . The phenotypic similarity of blm and wrn mutants and yeast sgs1 mutants suggests that all these helicases play similar roles in DNA metabolism; the structural similarity of these three eukaryotic proteins and the prokaryotic RecQ helicase suggests that each may share a common biochemical function. The potential for functional similarity among this group of proteins is further supported by the recent identification of the Sgs1, Wrn, and Blm proteins as 3Ј → 5Ј DNA helicases (Lu et al. 1996; Gray et al. 1997; Karow et al. 1997; Suzuki et al. 1997) .
For these reasons, in vitro analysis of purified RecQ helicase was carried out to determine whether this protein can mediate steps essential to homologous recombination. The results presented here demonstrate that the RecQ helicase is a multifunctional helicase that is capable of both initiating homologous recombination and disrupting nascent joint molecules. These findings also provide insight into the potential roles of the eukaryotic homologs of RecQ helicase in DNA metabolism.
Results

RecQ helicase initiates homologous pairing in vitro
A DNA helicase can act at either the initiation or DNA heteroduplex extension phase of homologous recombination. To address the possibility that RecQ helicase initiates homologous recombination, we tested its ability to produce a DNA substrate for RecA protein-promoted joint molecule formation. In our assay system, used previously to define an initiation function for the RecBCD enzyme (Roman et al. 1991) , RecA protein is provided with a pair of homologous DNA substrates: Supercoiled DNA (scDNA) and 5Ј-end labeled linear dsDNA (Fig. 1) . However, RecA protein is unable to pair these substrates because neither contains ssDNA; thus, processing of the linear dsDNA to its component ssDNA strands is required. If RecQ helicase can make ssDNA available to RecA protein, then homologous pairing products, joint molecules, will be observed by agarose gel electrophoresis as species that migrate more slowly than either of the dsDNA substrates. The expectation was that joint molecules will form only when RecQ helicase, RecA protein, and single-stranded DNA binding (SSB) protein are present together in a reaction, hereafter referred to as the coupled pairing reaction.
As expected, the coupled pairing reaction produced several strong joint molecule product bands with a mobility retarded relative to the linear dsDNA substrate (Fig. 1, lanes 3-8) . RecA protein alone failed to pair the two dsDNAs, defining RecQ helicase as an essential component (Fig. 1, lane 1) . In the absence of RecA protein, RecQ helicase produced only unit-length ssDNA (Fig. 1, lane 2) : Demonstrating both the need for RecA protein and that the processivity of RecQ helicase is sufficient for it to unwind plasmid-length DNA molecules (F.G. Harmon and S.C. Kowalczykowski, unpubl.) . The assignment of these slower-migrating bands as bona fide pairing intermediates was confirmed by comparison with authentic joint molecules created by the pairing of heat-denatured 5Ј-end labeled pUC19 DNA with both linear pUC19 dsDNA and supercoiled pUC1950 DNA by use of RecA and SSB proteins (Fig. 1 , cf. lanes 7 and 8 with 10). Finally, SSB protein is also an important component of the pairing reaction, because very few joint molecules were observed in its absence (Fig. 1, lane 9) . This poor yield is a consequence of the low amounts of ssDNA that are liberated by RecQ helicase when the SSB protein is absent; SSB protein is needed to both trap the individual DNA strands and prevent their reannealing (Umezu and Nakayama 1993) . The same dependence on SSB protein was observed previously in the coupled RecABCD pairing reactions (Roman et al. 1991 ). Therefore, joint molecule formation requires the combined actions of RecA, RecQ, and SSB proteins. Furthermore, these data clearly show that the RecQ helicase is capable of initiating joint molecule formation.
The coupled pairing reaction produces an unexpected variety of joint molecule products
Surprisingly, the combined actions of RecQ helicase, RecA protein, and SSB protein produced four species of joint molecules (Fig. 1) . On the basis of previous results with the coupled RecABCD-pairing reactions (in the presence of SSB protein), invasion of the scDNA by the linear ssDNA to form displacement-loops or D-loop joint molecules was anticipated Roman et al. 1991) ; simple D-loop products could account for one or two, but not all, of the observed joint molecules. To determine which species in the coupled pairing reaction arose from invasion of the scDNA, the scDNA recipient was changed to pUCD, a homologous DNA that is 700 bp larger than pUC1950 (Fig. 2) . With this larger DNA, the migration of scDNA-dependent Dloop products will decrease relative to those formed in the standard coupled reaction. For comparison, the products of a standard coupled reaction are shown in lane 1 of Figure 2 , with the deduced D-loop band indicated on the left. In the coupled reaction in which pUCD is present, the migration of the assigned D-loop band is reduced (Fig. 2 , lane 2). To confirm that homologous pairing is required to produce this species, coupled reactions were repeated with nonhomologous X174 RF I as the scDNA recipient. Because X174 RF I is approximately the same size as pUCD, a X174 RF I-dependent D-loop should comigrate with the pUCD D-loop. As expected, no Dloop species is formed in this case (Fig. 2, lane 3) ; therefore, homology between the linear dsDNA and scDNA recipient is required.
Unexpectedly, the migration and presence of the second major joint molecule species was independent of the scDNA added to the reaction, indicating that its formation did not involve invasion of the scDNA ( Fig. 2; cf. lanes 1-3, species labeled Kappa). The properties of this joint molecule suggested that it could be composed of a linear dsDNA molecule that was invaded by homologous ssDNA; the resultant joint molecule would resemble the letter K and, hence, is referred to as a Kappa intermediate. When scDNA was omitted from a coupled pairing reaction, no joint molecules were present; however, a greater proportion of the dsDNA was unwound by RecQ helicase (Fig. 2, lane 4) . The increased DNA unwinding by RecQ helicase in this reaction is consistent with our findings that RecQ helicase binds to, and is sequestered by, scDNA (F.G. Harmon and S.C. Kowalczykowski, in prep.). Therefore, it suggested to us that the Kappa intermediate was being produced, but was also a substrate for RecQ protein-mediated unwinding and, therefore, was being quickly destroyed when more free helicase was present. To investigate this possibility, coupled pairing reactions in which the scDNA was omitted were repeated by use of fivefold less (20 nM) RecQ helicase (Fig. 2, lane 5) . At this RecQ helicase concentration, the Kappa intermediate was formed to nearly the same extent as in the standard coupled reaction. Addition of larger, homologous linear dsDNA to similar reactions yields a slower migrating Kappa species that is absent when a similar-sized, but non-homologous, linear DNA is substituted, confirming the need for homology in the recipient linear dsDNA (data not shown). Therefore, a Kappa intermediate, derived from the invasion of linear dsDNA by homologous ssDNA is also a major product of the coupled RecAQ pairing reaction. The nature of the more complex joint molecules formed in these reactions is currently being investigated (F.G. Harmon and S.C. Kowalczykowski, unpubl.) . Taken together, the formation of these two classes of intermediates in the coupled reaction demonstrates that the RecQ helicase, in a manner similar to RecBCD enzyme, provides RecA protein with a ssDNA substrate that it can use to invade a homologous counterpart. These findings provide strong support for the proposal that RecQ helicase can serve as an initiator of homologous recombination.
RecQ helicase can disrupt joint molecules
The ability to unwind joint molecules is a hallmark of branch migration proteins such as the RuvAB and RecG helicases Whitby et al. 1993 ). In the above experiments, RecQ helicase appeared to dissociate Kappa intermediates, suggesting that it also has branch migration activity. If RecQ helicase possesses such an activity, then the average lifetime and steady-state yield of joint molecules produced in the coupled pairing reaction should be reduced at a higher concentration of RecQ helicase. In agreement, the Kappa intermediates and Dloops formed in the presence of fivefold more RecQ helicase (500 nM) are more transient, and they form to maximal extents that are significantly lower than in the standard coupled pairing reaction (cf. Fig. 3A , lanes 1-5 with Fig. 1 ). The band corresponding to Kappa intermediates also shifts to a faster migrating species over the course of the reaction (Fig. 3A, lanes 3-5) . The alteration in migration observed for this intermediate likely reflects RecQ helicase-induced changes in the position of the branch point in this molecule. In separate experiments, RecQ helicase was found to extend the initial region of pairing in Kappa intermediates to generate intact, heteroduplex, linear dsDNA (F.G. Harmon and S.C. Kowalczykowski, unpubl.) .
To directly demonstrate that RecQ helicase was ac- tively dissociating these joint molecules, the stability of D-loops and Kappa intermediates was determined following addition of ATP␥S (Fig. 3A) . ATP␥S, a nonhydrolyzable ATP analog, inhibits the helicase activity of RecQ protein (F.G. Harmon and S.C. Kowalczykowski, unpubl.) and, therefore, should protect joint molecules from dissociation. Addition of ATP␥S to an ongoing coupled pairing reaction results in a greater yield and increased lifetime for both species of pairing intermediates (Fig. 3A , cf. lanes 3-5 with 7-9). ATP␥S also clearly inhibited the helicase activity of RecQ helicase, because there was no further accumulation of free ssDNA following addition of inhibitor (Fig. 3A, lanes 3-5) . These findings were consistent with RecQ helicase actively unwinding these pairing products.
To determine if RecQ helicase can recognize and initiate unwinding of joint molecules formed in its absence, RecQ helicase was added to ongoing RecA protein-mediated homologous pairing reactions (containing heat-denatured DNA) (Fig. 3B ). In the absence of RecQ helicase, both D-loops and Kappa intermediates were rapidly formed and then persisted over a 20 min time course (Fig.  3B, lanes 1-6) . In contrast, when 500 nM RecQ helicase was added 10 min after starting the reaction, the majority of joint molecules were rapidly unwound in <5 min ( Fig. 3B; lanes 7-11) . Thus, RecQ helicase binds to and unwinds joint molecules, suggesting it has dual capabilities: Initiation of RecA-promoted homologous pairing and disruption of joint molecules by branch migration.
RecQ protein is a promiscuous DNA helicase
The branch migration proteins, RuvAB and RecG helicases, act on a limited subset of DNA substrates that contain a branch point, such as the four-way junction DNA substrate that mimics a Holliday junction (Iwasaki et al. 1992; Parsons et al. 1992; Lloyd and Sharples 1993b; Whitby et al. 1994) . If RecQ protein acted primarily during branch migration, then it was reasonable to expect that it would display specificity toward similar DNA substrates. To test the substrate specificity of RecQ helicase, the rate of unwinding was determined for a series of oligonucleotide-derived DNA substrates that resemble the structures encountered during homologous recombination ( Table 1) .
The helicase assays were performed over a range of RecQ helicase concentrations, and the results are shown in Table 1 . In general, RecQ helicase had little difficulty unwinding any of the DNA substrates, with the exception of the 48-bp blunt duplex, which was unwound at a fivefold slower rate (Table 1) . This difference is probably the result of the short length of this DNA substrate because RecQ helicase is capable of unwinding a 63-bp blunt molecule (Table 1) , as well as plasmid-length linear dsDNA (see above). The unwinding rates obtained for the other DNA substrates were very similar to each other, indicating that RecQ helicase has no obvious preference for a particular type of DNA structure (Table 1) . Binding studies with the same oligonucleotide DNA substrates indicate that RecQ helicase also has a broad DNA binding specificity (Table 1) . The lack of a strong DNA substrate specificity by RecQ helicase is in contrast to that of RecG helicase, which is unable to unwind blunt duplex DNA at protein concentrations that result in complete dissociation of an equal amount of four-way junction DNA (Lloyd and Sharples 1993a) . In addition, RuvAB helicase displays only limited activity on dsDNA substrates other than four-way junctions (Iwasaki et al. 1992; Lloyd and Sharples 1993a) . From this standpoint, it is clear that RecQ helicase is not specific for branched molecules. However, these findings also imply that RecQ helicase has the potential to initiate recombination from almost any type of DNA substrate presented to it, unlike the RecBCD enzyme that must initiate from a nearly blunt dsDNA end. Further, because RecQ helicase has the capacity to unwind a broad spectrum of DNA substrates, its role in recombination is not limited to the early initiation steps, but could also include the dissociation of aberrant joint molecules.
Discussion
Using a coupled in vitro system consisting of RecQ, RecA, and SSB proteins, we have demonstrated the formation of homologously paired joint molecules. The RecQ helicase is capable of initiating homologous pairing by processing a linear dsDNA substrate to provide a ssDNA substrate for RecA protein (Figs. 1 and 2) . Thus, RecQ helicase is likely to act as an initiator during the early steps of homologous recombination. Because RecQ helicase can also disrupt the homologous pairing products formed in these reactions (Fig. 3) , it may have additional roles in DNA metabolism. However, RecQ protein is not a branch migration-specific helicase because, in contrast to the RuvAB and RecG helicases, it displays no greater helicase activity on a four-way junction DNA substrate than it does on other DNA substrates (Table 1) . In addition, RecQ helicase displayed a broad DNA binding specificity (Table 1) . Overall, the data demonstrate that RecQ helicase is capable of acting on a wide variety of DNA substrates and, thus, has the potential to play multiple roles in recombination.
The model in Fig. 4 outlines the series of molecular events that comprise the coupled homologous pairing reaction involving RecA, RecQ, and SSB proteins. The linear dsDNA substrate was first processed by RecQ helicase to produce linear ssDNA (Fig. 4A ). This DNA is expected to be complexed with the SSB protein because it plays an integral part in the RecQ helicase unwinding reaction (Umezu and Nakayama 1993) . In this capacity, SSB protein acts to prevent reannealing of the strands behind the helicase (Roman et al. 1991) , but an SSB protein-coated ssDNA is a poor binding substrate for RecA protein (Kowalczykowski et al. 1987) . Therefore, RecA protein must displace SSB protein from the ssDNA to form a nucleoprotein filament that is capable of initiating joint molecule formation. Under the conditions used, RecA protein can displace the SSB protein, assemble a filament of the ssDNA, and form two major classes of joint molecules: scDNA-dependent D-loops and linear Kappa intermediates (Fig. 4B) . D-loops are also the major product of the in vitro coupled RecABCD-pairing reactions by use of similar DNA substrates Roman et al. 1991) . Kappa intermediates, however, are specific to the RecAQ-coupled pairing reactions. These joint molecules are probably formed more readily in the presence of PEG, the volume excluding agent used here, because of the enhanced ability of RecA protein to assemble on SSB-protein complexed ssDNA under these conditions (Lavery and Kowalczykowski 1992) . These findings clearly indicate that RecQ helicase, like the RecBCD enzyme, is capable of processing dsDNA to ssDNA as required for the early steps of homologous recombination. The idea that RecQ helicase initiates homologous recombination is also consistent with the genetic data that show a requirement for recQ function for recombination and DNA repair in the absence of RecBCD enzyme function (Nakayama et al. 1984 (Nakayama et al. , 1985 Kusano et al. 1994; .
RecQ protein, however, is not simply a backup for RecBCD enzyme, because the former acts on a wider variety of dsDNA substrates than does the latter. Thus, RecQ helicase has the potential to initiate recombination events in wild-type cells from DNA substrates that are not suitable for RecBCD enzyme; for example, many of the recombination events promoted by the RecF pathway are thought to begin from nicks or gaps present in the donor DNA (Lloyd and Thomas 1984; Lanzov et al. 1991) . Conceivably, RecQ protein could act at these internal sites to initiate recombination much as it does from flush dsDNA ends. For recombination following bacterial conjugation, a consequence of such internally initiated crossover events is a shorter distance between adjacent crossovers and, therefore, a higher frequency of recombination exchanges per unit length of DNA than recombination promoted solely from the ends of the donor DNA (Lanzov et al. 1991) . In complete agreement with the idea of RecQ helicase initiating recombination from internal sites in DNA is the finding that otherwise wild-type recQ mutants show a decreased number of exchanges per unit length of DNA (Lanzov et al. 1991; Lloyd and Buckman 1995) . Additionally, recFrecQ double mutants produce recombination products with crossovers confined solely to the ends of the DNA, which is consistent with initiation occurring only at the dsDNA ends by RecBCD enzyme (Lanzov et al. 1991) . These findings support the view that RecQ helicase initiates recombination crossover events from sites internal to the donor DNA.
Further support for the proposal that RecQ helicase acts to initiate recombination comes from an investigation of conjugal recombination in resolvase-deficient ruv recG strains (Ryder et al. 1994) . In a ruvArecG background, recombination frequency is reduced to 0.1% of wild type and cell viability is much lower than that of wild-type E. coli. Because both the RuvAB and RecG proteins are Holliday junction-specific binding proteins, the observed deficiency in recombination and reduced viability of these cells is likely the result of the accumulation of stalled recombination intermediates that arise from a block in branch migration. Inclusion of a recQ mutation in the ruvArecG background results in a 25-fold increase in recombinational frequency and a concomitant increase in cell viability. A similar suppressor effect was also observed with the disruption of the recF, recJ, recO, or recR genes. Ryder et al. explained the suppressor effect of the mutations with a model in which the inactivation of proteins needed for initiation of RecF pathway-dependent recombination (e.g., RecQ helicase) redirects some of the potential recombination substrates toward RecBCD enzyme-dependent initiation, thereby avoiding the formation of crossovers that would require resolution by either RuvAB or RecG helicases. In this model, the intermediates by RecBCD enzyme-dependent initiation must be resolved by a separate, but unknown mechanism. The different requirements for resolution between the RecQ helicase-and RecBCD enzyme-dependent initiation observed by this group may represent the differences in the intermediates formed by recombination initiated from internal regions in the donor DNA and those begun from its ends (see above). These genetic data clearly indicate a key role for RecQ helicase in the initiation of recombination; however, the biochemical attributes that distinguish RecQ protein from other helicases in this capacity remain unclear. Two important properties are likely to include the ability to effectively act on recombinogenic lesions (e.g., gapped and bluntended dsDNA), as well as to allow access of RecA protein to the ssDNA produced by unwinding. Regardless, these genetic findings and our biochemical data support the idea that RecQ helicase initiates homologous recombination.
RecQ helicase action, however, was not solely confined to an initiation role in the coupled pairing reactions; it also displayed a late role with its propensity to unwind the D-loops and Kappa intermediates formed by RecA protein. In our view, RecQ helicase is free to act on any DNA substrate present in the reaction following the first round of linear dsDNA unwinding, including the homologously paired joint molecules (Fig. 4C) . This nonspecific facet of RecQ helicase activity is a direct result of its relaxed DNA substrate specificity. Thus, RecQ helicase can initiate recombination as well as act later to either promote DNA heteroduplex extension or impede homologous recombination by disruption of short DNA heteroduplex tracts, depending on the DNA substrates it encounters.
In support of the multifunctional capacity of RecQ helicase, Hanada et al. (1997) found that this protein also acts as a suppressor of illegitimate recombination in E. coli. In this study recombination between spi phage and the E. coli chromosome took place with as little as 8 bp of contiguous, shared homology. In the absence of a functional recQ gene, this type of aberrant recombination was elevated by 30-to 300-fold. Interestingly, enhanced illegitimate recombination in the absence of RecQ helicase was also observed in both recA and recBCsbcBC backgrounds. This suggests the suppressor activity of RecQ helicase is independent of its initiation function in recombination. It was proposed that RecQ helicase suppresses illegitimate recombination by dissociating nascent joint molecules formed between the phage and chromosomal DNA (Hanada et al. 1997 ). This idea is consistent with the data presented here, which demonstrate that RecQ helicase is capable of both disrupting joint molecules and unwinding a variety of partially duplex DNA substrates.
The recent identification of the RecQ helicase-like proteins in eukaryotic organisms, including the Sgs1 (budding yeast), Blm (human), and Wrn (human) helicases, raises the possibility that RecQ helicase function is conserved in higher organisms. Mutations at the BLM and WRN loci result in the inherited genetic diseases known as Bloom's syndrome and Werner's syndrome, respectively (Ellis et al. 1995; Yu et al. 1996) . The sgs1, blm, and wrn mutants all display similar phenotypes: Chromosomal aberrations, chromosomal nondisjunction, hyper-recombination, and alterations in DNA replication (Gangloff et al. 1994; Ellis et al. 1995; Watt et al. 1995 Watt et al. , 1996 Yu et al. 1996) . If these eukaryotic helicases are functional, as well as structural, homologs of E. coli RecQ helicase, then it is possible that they are involved in initiation of homologous recombination or act as antagonists to illegitimate recombination. The latter possibility is supported by the fact that aberrant recombination events are elevated in cells from both Bloom's syndrome and Werner's syndrome patients (Ellis et al. 1995; Yu et al. 1996) . In addition, ⌬sgs1 cells display a hyperrecombination phenotype (Gangloff et al. 1994 ). Therefore, it is reasonable to propose that these proteins, like RecQ helicase, are responsible for removing aberrant crossovers that might jeopardize key steps in DNA replication and chromosome partitioning during mitosis and meiosis. In support of this idea, the chromosomal breakage, nondisjunction, and other chromosomal abnormalities common to Bloom's and Werner's syndrome are readily explained by the presence of recombination intermediates during segregation of chromosomes in mitosis and meiosis I (Ellis et al. 1995; Yu et al. 1996) . In addition, ⌬sgs S. cerevisiae cells have a marked increase in chromosomal nondisjunction during both mitosis and meiosis I (Watt et al. 1995) . Therefore, the Sgs1, Blm, and Wrn proteins, like E. coli RecQ helicase, may be required to disrupt intermediates formed by nonhomologous and aberrant recombination events; However, our findings do not preclude that future biochemical and genetic studies will demonstrate an initiation function for the eukaryotic homologs.
Materials and methods
Reagents
Chemicals were reagent grade and all solutions were prepared by use of Barnstead Nanopure water. PEP and ATP were purchased from Sigma. ATP␥S was purchased from Boehringer Mannheim. ATP␥S and ATP were dissolved as concentrated stock solutions at pH 7.5. Nucleotide concentrations were determined spectrophotometrically by use of an extinction coefficient of 1.54 × 10 4 /M per cm at 260 nm. Polyethylene glycol (8000 molecular weight; PEG) was purchased from Sigma and dissolved in water as a 40% (wt/vol) stock.
RecQ helicase
Running buffer for all columns, except hydroxylapatite, was buffer A [20 mM Tris-HCl (pH 8.0), 1 mM EDTA, 1 mM dithiothreitol (DTT)] with 100 mM NaCl. Hydroxylapatite running buffer consisted of buffer B [50 mM KPi (pH 6.8) and 1 mM DTT)]. RecQ helicase expression vector pSQ211 was a kind gift of Dr. Hiroshi Iwasaki (Osaka University, Japan). pSQ211 is a derivative of pET8C with the recQ gene downstream of the T7 polymerase 10 promoter. Strain SCK225 was constructed by transforming BL21(DE3)recA with pSQ211. SCK225 was grown at 37°C in terrific broth (Sambrook et al. 1989 ) supplemented with 150 µg ampicillin/ml to mid-log phase (A 600 = 1.0) when the recQ gene was induced with 1 mM IPTG for 2 hr. Following harvest, cells were resuspended in 5.5 vol of buffer A, lysed with one passage through a French pressure cell and the lysate cleared by centrifugation at 77,000g. DNA was removed by centrifugation at 9000g following drop-wise addition of 0.31 volumes of 10% streptomycin sulfate. This supernatant was loaded onto Q-Sepharose (330 ml; flow rate of 5.5 ml/min). RecQ helicase, identified by ssDNA-dependent ATP hydrolysis activity and a 65-kD band on SDS-PAGE, eluted at ∼300 mM NaCl in a 1500 ml linear gradient (100-500 mM NaCl). The pooled peak fractions from Q-Sepharose were loaded onto ssDNA-cellulose (225 ml; flow rate of 6.4 ml/min) and RecQ helicase was batch eluted with 1000 mM NaCl. The ssDNA cellulose pool was loaded onto hydroxylapatite (Bio-Gel HTP, BioRad; 40 ml; flow rate of 1.4 ml/min) and the column resolved with a 400 ml linear gradient from 50 to 400 mM KPi. RecQ helicase eluted from this column at ∼125 mM KPi. The pooled peak fractions from hydroxylapatite were loaded onto MonoQ HR10/10 (Pharmacia; flow rate of 2 ml min). RecQ helicase eluted at 200 mM NaCl in a 160 ml linear gradient (150 to 400 mM NaCl). The pool from MonoQ was concentrated by dialysis into storage buffer [20 mM Tris-HCl (pH 8.0), 1 mM EDTA, 0.1 mM DTT, 100 mM NaCl, 50% (vol/vol) glycerol]. Protein concentration was determined spectrophotometrically with an extinction coefficient for RecQ helicase of 1.48 × 10 4 /M per cm at 260 nm, calculated from its primary amino acid sequence. The resulting protein was >95% RecQ helicase by Coomassie staining. The protein is free of exonuclease activity as judged by the release of <5% TCA soluble counts from 10 µM uniformly 3 H-labeled dsor ssDNA in 1 hr at 37°C in the presence of 1 µM RecQ protein.
Other proteins
RecA protein was purified from E. coli strain GE1710, obtained from Dr. George A. Weinstock (University of Texas Medical School, Houston), by use of a preparative protocol on the basis of spermidine acetate precipitation (Griffith and Shores 1985) . RecA protein concentration was determined spectrophotometrically by use of an extinction coefficient of 2.7 × 10 4 /M per cm at 280 nm. SSB protein was purified from E. coli strain RLM727 as described (LeBowitz 1985) and its concentration was determined spectrophotometrically by use of an extinction coefficient at 280 nm of 3.0 × 10 4 /M per cm.
DNA
Covalently closed circular pUC19, pUC1950, and pUCD DNA were purified with alkaline lysis followed by CsCl-ethidium bromide equilibrium centrifugation (Sambrook et al. 1989 
Oligonucleotides
The DNA sequences of the oligonucleotides are shown in Table 2 . Oligonucleotides were synthesized on a Milligen/ Biosearch Cyclone Plus DNA synthesizer and purified by use of RecQ helicase initiates and disrupts recombination denaturing polyacrylamide gel electrophoresis. Briefly, oligonucleotide was separated from aborted products by electrophoresis through an 8% polyacrylamide (20:1 acrylamide/bisacrylamide)/50% urea gel in TBE (89 mM Tris, 89 mM sodium borate, 1 mM EDTA). The DNA was recovered by soaking the excised band in 0.3 mM sodium acetate overnight at 25°C followed by ethanol precipitation. The recovered DNA pellet was dissolved in TE [10 mM Tris-HCl (pH 8.0) and 1 mM EDTA]. The concentration of the purified oligonucleotides were determined spectrophotometrically by use of a molar extinction coefficient at 260 nm calculated by the formula ⑀ = [(no. of G × 11.7) + (no. of C × 7.3) + (no. of A × 15.4) + (no. of T × 8.8)].
Construction of oligonucleotide substrates
Synthetic DNA substrates were prepared by annealing the combinations of oligonucleotides indicated in Table 1 . Equimolar concentrations of oligonucleotides were mixed in annealing buffer [20 mM Tris-acetate (pH 7.9), 10 mM magnesium acetate, 50 mM potassium acetate and 1 mM DTT], heated to 100°C for 7 min, then allowed to cool at room temperature to 25°C over a 5 hr period. Because this procedure resulted in >95% annealing of the oligonucleotides, the DNA substrates were not further purified and were used directly. For DNA binding, oligonucleotides were 5Ј- 
Pairing reactions
Unless otherwise indicated, all reactions were carried out at 37°C in a buffer consisting of 25 mM Tris-acetate (pH 7.5), 1 mM magnesium acetate, 0.1 mM DTT, 1 mM ATP, 1 mM PEP, and 10% (wt/vol) PEG. Pyruvate kinase (Sigma) was added to a final concentration of 20 U/ml. Coupled reactions consisted of 10 µM 5Ј-end labeled HindIII-cut pUC19 DNA, 20 µM supercoiled DNA (when present), 2 µM SSB protein, 5 µM RecA protein, and RecQ helicase at the indicated concentration. All reaction components were preincubated for 3 min at 37°C before initiating the reaction by addition of ATP. Pairing reactions having only RecA protein were carried out in the same buffer as above and consisted of 5 µM heat-denatured 5Ј-end labeled linear pUC19, 5 µM unlabeled HindIII-cut pUC19, 20 µM supercoiled pUC1950, 2 µM SSB protein, and 5 µM RecA protein. Reactions were started by the addition of ATP. Aliquots were taken from the reactions at the indicated times, stopped with 40 mM EDTA/ 0.8% SDS and stored on ice. The samples were deproteinized with 1.5 µg/µl proteinase K (Boehringer Mannheim) at room temperature for 10 min prior to loading on a 0.8% agarose 1× TAE gel and run for 600 V ⅐ hr. Gels were dried and visualized with a Molecular Dynamics Storm 840 PhosphorImager. The quantity of DNA in each band was determined by use of ImageQuant software.
Gel band-shift assays
Binding of RecQ helicase to the synthetic DNA substrates was analyzed by use of nondenaturing PAGE band-shift assays. Reactions containing 20 nM DNA molecules and the indicated concentration of RecQ helicase were incubated at 37°C for 4 min in binding buffer [25 mM Tris-acetate (pH 7.5), 1.2 mM magnesium acetate, 28 mM NaCl, 0.1 mM DTT, and 14% glycerol] then immediately loaded onto a 6% polyacrylamide gel (30:1 acrylamide/bisacrylamide). Electrophoresis was carried out at 380 V for 1 to 1.5 hr in a Tris-glycine buffer (25 mM Tris, 190 mM glycine, 0.1 mM EDTA). Gels were dried onto DEAE paper (Whatman) and visualized by use of a Molecular Dynamics Storm PhosphorImager. The concentration of DNA in bands corresponding to free DNA substrate was determined by use of ImageQuant software. Binding affinity (per molar) was calculated as the reciprocal of the RecQ helicase concentration at which half the available DNA was free.
Helicase assays
The rate of RecQ helicase-mediated unwinding of the synthetic DNA substrates was determined by use of a spectrofluorimetric dye-displacement assay as described previously (Eggleston et al. 1996) . Reactions were carried out at 37°C in a buffer consisting of 25 mM Tris-acetate (pH 7.5), 1.2 mM magnesium acetate, 1 mM ATP, 1 mM PEP, and 20 U/ml pyruvate kinase. DNA substrate [480 nM (bp)] 70 nM Hoechst 33582 dye, and RecQ helicase at 5-25 nM were preincubated for 2 min before starting the reaction by the addition of ATP. SSB protein (in monomers) was also present at 20% the concentration of the total nucleotides present in the reaction. The unwinding rate in nM (bp)/sec at each RecQ helicase concentration was calculated from the initial slope of the unwinding curve as described previously (Eggleston et al. 1996) . For each DNA substrate, the unwinding rate per RecQ helicase monomer was calculated as the slope of straight line fit to a plot of rate versus RecQ helicase concentration. 5Ј-GACGC TGCCGAA TCC T ACCAGTGCCT TGCTAGGACAT C T T TGCCCACC T GCAGGT T CACCC-3Ј  2   a   5Ј-TGGGTGAACC TGCAGGTGGGCAAAGATGTCC T AGCAA TGTAATCGT CA A GCT T T A TGCCGT T -3Ј  3   a   5Ј-CAACGGCA T AAAGCT TGACGAT T ACAT TGCT AGGACA TGCTGTCT AGA G GATCCGACTA T C G A -3Ј  4   a   5Ј-A T CGA T AGT CGGATCC T C T AGACAGCA TGTCC T AGCAAGGCACTGGTA G AAT T CGGCAGCG T -3Ј  5 5Ј-ACAGCACCAGA T TCAGCAA T TAAGCTC T AAGCCA TCCGCAAAAATGAC C TCT T A T CAAAAG G A -3Ј  6 5Ј-T CC T T T TGA T AAGAGGT CA T T T T TGCGGATGGC T TAGAGCT TAAT TGC T GAAT C TGGTGGC T G T -3Ј  7 5Ј-T CC T T T TGA T AAGAGGT CA T T T T TGCGGATGGC T TAGAGCT TAAT TGC-3Ј  8 5Ј-GCAA T T AAGC T C TAAGCCA T CCGCAAAAATGACC TCT T A TCAAAAGGA-3Ј   a These sequences are the same as those for oligonucleotides 1-4 described in Benson and West (1994) .
